We studied the interaction of the tricarboxylic acid cycle enzymes citrate synthase, isocitrate dehydrogenase and malate dehydrogenase in the bacteria Bacillus subtilis and Escherichia coli in vivo. In B. subtilis, the genes encoding citrate synthase, isocitrate dehydrogenase and malate dehydrogenase form an operon (citZ-icd-mdh) and predominantly are co-transcribed from a single promoter. In E. coli the corresponding genes gltA, icd and mdh do not form a transcription unit, are scattered around the chromosome and are expressed from different promoters. We found that co-transcription of genes and subsequent co-translation of the corresponding mRNAs promotes the formation of protein complexes and give support for the previous findings that in B. subtilis citrate synthase, isocitrate dehydrogenase and malate dehydrogenase form an enzyme complex (metabolon).
INTRODUCTION
Protein-protein interactions play important roles in protein function and the structural organization of a cell (Arifuzzaman et al. 2006) , and there is increasing evidence that proteins which sequentially operate within a metabolic pathway interact with each other and that such an interaction has several advantages for cellular metabolism (Morgunov and Srere 1998; Minton 2001; Verkman 2002; Bulutoglu et al. 2016) . One kinetic advantage could be that intermediates of a certain pathway are prevented from escaping into solution where they may bind to the active sites of 'competing' or promiscuous enzymes. In other words, supramolecular assembly of enzymes into protein complexes ('metabolons') may enable a more efficient transport of reactants between active sites via substrate channeling (Bulutoglu et al. 2016) . One example for rate enhancement through metabolon formation is the bifunctional α 2 β 2 complex of tryptophan synthase (EC 4.2.1.20) from Salmonella typhimurium. When the α and β subunits combine the rates of the α and β reactions and the affinities for substrates in these reactions are increased by one to two orders of magnitude (Hyde et al. 1988) . Another advantage of metabolon formation could be that intermediates of highly specific pathways producing intermediates which are not used by other enzymes and generating reactive or possibly toxic intermediates will not come into contact with other cellular components (while remaining within a metabolon). The Bacillus subtilis riboflavin metabolon lumazine synthase (EC 2.5.1.78)/riboflavin synthase (EC 2.5.1.9) may serve as a representative with regard to such an issue (Fischer and Bacher 2005) . Notably, the remaining enzymes which are active in the riboflavin pathway in B.
subtilis are bifunctional i.e. one polypeptide chain is able to catalyze two different reactions and these bifunctional proteins, at least in principle, represent metabolons as well. The fact that numerous metabolites can be found in the bulk aqueous phase of a cell suggests that not all enzymes form complexes which in turn appears plausible because many biochemical pathways share platform metabolites (Morgunov and Srere 1998) .
Most probably enzyme complexes are dynamic which implies that the interactions between the proteins are rather weak and thus difficult to study. One highly interesting question with regard to metabolon formation is whether rates of enzymatic reactions are positively affected due to reduced diffusion distances. The rate-determining steps in enzyme-catalyzed reactions are those involving the conversion of the enzymesubstrate (ES) to the enzyme-product (EP) complexes, substrate association and/or product dissociation (Brouwer and Kirsch 1982) . The second-order rate constant for a diffusion-limited enzyme-catalyzed reaction is in the range of 10 8 -10 10 M −1 s −1 , this range being at the upper end of the observed rates of many enzyme substrate reactions and leaving the question whether diffusion of metabolites indeed limits enzyme rates (Blacklow et al. 1988; Elowitz et al. 1999; Mullineaux et al. 2006) . It is currently impossible to in vivo measure the activity of an individual enzyme within a metabolon and to study the influence of neighboring biomolecules in the cytoplasm. However, recent measurements of fluorescent probe diffusion using photobleaching, correlation microscopy and time-resolved anisotropy methods have indicated unexpectedly high mobilities of small solutes and macromolecules indicating that the fluid-phase viscosity of the cytoplasm is not much greater than that of water and thus does not negatively affect diffusion (Verkman 2002) . The tricarboxylic acid (TCA) cycle is the final common pathway for the oxidation of fuel molecules (amino acids, fatty acids and carbohydrates) in most known organisms and also in the heterotrophic bacteria Escherichia coli and B. subtilis. The TCA cycle enzymes also provide intermediates for anabolic reactions. In B. subtilis physical interactions between the TCA cycle enzymes citrate synthase (CS; EC 2.3.3.16), isocitrate dehydrogenase (Icd; EC 1.1.1.42) and malate dehydrogenase (Mdh; EC 1.1.1.37) and aconitase (CitB; EC 4.2.1.3) were already described (Meyer et al. 2011) . Moreover, physiological consequences of metabolons were studied and complex formation between Mdh and Icd from B. subtilis was found to be regulated by TCA cycle metabolites (Bartholomae et al. 2014) . In B. subtilis the genes encoding CS, Icd and Mdh are co-transcribed and thus co-translated (at least under some conditions (Kim, Roux and Sonenshein 2002) ), whereas in E. coli the corresponding genes are located at different sites within the chromosome and consequently are translated separately from each other. Notably, genes responsible for anabolic reactions leading to synthesis of amino acids, purines, and coenzymes/prosthetic groups in B. subtilis are often clustered in operons, whereas in E. coli these genes are spread throughout the chromosome (Kunst et al. 1997; Okuda et al. 2007) . In this work, we studied whether co-transcription/co-translation of the TCA cycle genes affects metabolon formation and present evidence that this indeed is the case.
MATERIALS AND METHODS

Chemicals and materials
Sulfosuccinimidyl 2-((4,4 -azipentanamido) ethyl)-1,3 -dithiopropionate (sulfo-SDAD) was obtained from Thermo Fisher Scientific (Dreieich, Germany). D-biotin and Ddesthiobiotin were from IBA GmbH (Göttingen, Germany). All other chemicals were from Sigma-Aldrich. Phusion Hot Start II DNA polymerase (Thermo Fisher Scientific) was used for PCR. FastDigest restriction endonucleases and T4 DNA ligase (Thermo Fisher Scientific) were used for cloning. Plasmids were constructed using standard molecular biology protocols and kits (Sambrook, Fritsch and Maniatis 1989) .
Bacterial strains, plasmids and growth conditions
The strains and plasmids used in this work are listed in Table 1 . Plasmids pDG268 (Antoniewski, Savelli and Stragier 1990 ), pLOI2225 (Martinez-Morales et al. 1999 , pGP172 (Merzbacher et al. 2004) , pGP1764/pGP1776 (Meyer et al. 2011) were constructed earlier. All inserts of all constructs were proof-sequenced. If not otherwise indicated, B. subtilis was grown aerobically in lysogeny broth (LB) at 37
• C for production of recombinant proteins and on C-minimal medium containing 0.5% malate for protein-protein interaction studies (Commichau et al. 2008) . When required, 5 μg ml
chloramphenicol was added. Escherichia coli BL21(DE3) was aerobically grown in LB at 37
• C for production of recombinant proteins and on M9 or MOPS (3-(Nmorpholino)propanesulfonic acid) acetate medium (Neidhardt, Bloch and Smith 1974) Table 1 ). These plasmids were obtained by ligating BamHI/BlpI digested pDG268 to PCR products of the target genes (citZ and citZ-icd-mdh with matching overhangs) in combination with a double-stranded linker DNA encoding Strep-Tag II (see Table 2 ). Double-crossover (at the amyE locus) transformant strains were identified by their inability to degrade starch and the correct chromosomal integration was verified by PCR. For recombinant protein production in E. coli BL21(DE3), cells were transformed with pET24a(+)-derived plasmids (Table 1) . These plasmids were obtained by ligating NdeI/HindIII treated PCR products (encoding gltA, icd, mdh or gltA-icd-mdh) with linker DNAs encoding Strep-Tag II (see Table 2 ) to pET24a(+). All oligonucleotides used are listed in 
Overproduction and purification of recombinant protein
For recombinant protein production, E. coli BL21(DE3) was aerobically grown to an OD 600 of 0.6. T7 RNA polymerase based gene expression was stimulated by addition of 1 mM IPTG, and 
Analysis of protein-protein-interactions in vitro
Sulfo-SDAD was used for the crosslinking of purified CitZ strep , Icd strep and Mdh strep to their native interaction partners in cellfree extracts. The first step of linking the bait proteins to the amine reactive site of the crosslinker was performed as described above for the DTSSP procedure. For the second step, excess crosslinker molecules were depleted by repeated gel filtration steps using Vivaspin columns (see above). Concentrated protein solutions were added to cell-free extracts of the corresponding wild-type strains and incubated in the presence of UV light (λ = 366 nm, 8 W) to covalently fix protein-protein interactions using the free photoactivatable diazirine site of the crosslinker. Further purification steps were done as described above. 
Analysis of protein-protein interactions in vivo (strep-protein interaction experiments)
Enzyme assays
Citrate synthase activity was determined employing a photometric assay (Srere 1974) . The formation of coenzyme A by the citryl-CoA hydrolase activity of citrate synthase was monitored using Ellman's reagent (5,5 -dithiobis-(2-nitrobenzoic acid); DTNB) at λ = 410 nm in PBS containing 300 μM acetyl-CoA, 100 μM DTNB and 500 μM. The assay was followed at 25
• C using a Tecan GENios Pro microplate reader (Tecan, Männedorf, Switzerland). Isocitrate dehydrogenase activity was measured by following formation of NADPH at λ = 340 nm in 41.67 mM glycylgylcine, 440 μM isocitrate, 1 mM NADP and 600 μM MgCl 2 (pH 7.4). The assay was performed at 37
• C using a Tecan microplate reader. Malate dehydrogenase activity was determined employing a photometric assay at λ = 340 nm (formation of NADH).
The PBS-based assay buffer contained 2.5 mM oxaloacetate and 800 μM NAD + . The assay was monitored at 37
• C using a Tecan GENios Pro microplate reader.
Enzyme assays to determine the activity of metabolons in the presence of other proteinaceous interaction partners
To study the effect of the addition of inactive versions of CitZ (CitZ D308N ) and Mdh (Mdh H180E ) on combined MDH/CS-activity, a modified version of the citrate synthase activity assay (see above) was used. To an equimolar mixture of purified CitZ and Mdh (1 μM each) in PBS with Ficoll PM-70 (50 mg/mL) and BSA (150 μM) as crowding agents, 0-60 μM of the protein of interest was added and MDH/CS-activity was tested. The assay contained 300 μM acetyl-CoA, 100 μM DTNB and 150 μg/mL NAD + .
The reaction was started by addition of 500 μM malate. The assay was followed at 37
• C and λ = 410 nm using a Tecan GENios Pro microplate reader. 
RESULTS AND DISCUSSION
The presence of inactive Mdh increases enzyme activity of the B. subtilis Mdh/CitZ metabolon
The following experiment was carried out to further investigate the tentative B. subtilis Mdh/CitZ metabolon and to give B. subtilis extract and treated with the crosslinker sulfo-SDAD. The resulting protein complexes were purified by affinity chromatography, treated with DTT (which leads to separation of previously crosslinked proteins) and the co-purifying interaction partners were identified using western blot analysis employing anti-CitZ (α-CitZ)-, anti-Icd (α-Icd)-and anti-Mdh (α-Mdh)-antibodies. As a control, the samples were also treated with an antibody (α-GapA) directed against highly abundant glyceraldehyde 3-phosphate dehydrogenase (GapA such an enzyme complex indeed provides a kinetic advantage, the overall activity of the rearranged complex should decrease (provided that Mdh is not more active in its free form). Surprisingly, addition of inactive Mdh H180E-strep led to an increased activity ( Fig. 2A) as it was the case when active Mdh strep was added (Fig. 2B ). This argues against the idea that upon formation of an Mdh/CitZ, metabolon substrates would have to overcome a shorter distance to reach the active sites of the involved enzymes eventually resulting in an enhanced reaction rate. Interestingly, addition of active Icd strep caused an increase in activity as well (Fig. 2C) , although Icd strep is not involved in the conversion of malate to citrate. As controls, increasing amounts of BSA and α-amylase were added to the Mdh/CitZ complex; however, addition of these proteins did not result in a change in activity which argues against an unspecific effect ( Fig. 2D and E) . Since Icd and inactive Mdh do not have a catalytic function, the observed effects probably are due to specific structural changes in the complex. In the absence of CitZ no activity was observed (control) (Fig. 2F) . In contrast to active CitZ (Fig. 2G) , addition of an inactive CitZ mutant (CitZ D308N ) did not affect activity (Fig. 2H) indicating that CitZ does not have such a complex strengthening function.
The B. subtilis genes citZ, icd and mdh form a transcription unit which promotes interaction of the corresponding gene products
The B. subtilis genes citZ, icd and mdh form the transcription unit citZ-icd-mdh (Pechter et al. 2013) (Fig. 3A) . The following experiment was performed to test whether cotranscription/cotranslation of these genes promotes complex formation of the resulting gene products CitZ, Icd and Mdh. Two different recombinant B. subtilis strains (B. subtilis amyE::citZ strep and B. subtilis amyE::citZ strep -icd-mdh) were constructed ( Fig. 3B) and analyzed with regard to complex formation using strepprotein interaction experiments (SPINE). SPINE combines the advantages of highly specific purification of proteins carrying a Strep-tag with a reversible crosslinking to obtain a snapshot of in vivo protein-protein interactions (Herzberg et al. 2007 ). In strain amyE::citZ strep , CitZ strep was generated within the cytoplasm of the strain (expression was driven by the natural sigma A-dependent promoter pM8J2-767) (Sierro et al. 2008 ) and was present in addition to not-tagged CitZ. The latter protein was produced by expression of the citZ gene naturally present in the gene cluster citZ-icd-mdh (nu 2981,151; Fig. 3B ). Cell-free extracts of B. subtilis amyE::citZ strep were prepared, and CitZ strep was used as a bait to fish for the potential interaction partners Icd and Mdh, whereby formaldehyde was added to stably link the bait protein to its potential interaction partners (Herzberg et al. 2007) . CitZ strep was isolated using affinity chromatography and analyzed by SDS-PAGE and western blotting employing antibodies directed against Icd and Mdh (Fig. 3C) has been suggested previously when complexation of the bacterial luciferase subunits LuxA and LuxB exemplary was studied in a recombinant E. coli strain (Shieh et al. 2015) . In this work, assembly efficiency decreased markedly when the luciferase subunits were synthesized on separate messenger RNAs from luxA and luxB genes integrated at distant chromosomal sites.
An artifical gltA-icd-mdh operon in E. coli leads to interaction of the corresponding gene products when a strong promoter is employed for gene expression Structure-based assembly predictions suggest that operon gene order has been optimized in bacteria to match the order in which protein subunits assemble (Wells, Bergendahl and Marsh 2016) . The above described experiments employing recombinant B. subtilis strains suggested that co-transcription/co-translation promotes formation of protein complexes of TCA cycle enzymes. To give further support for this conclusion, similar experiments (SPINE) as described for B. subtilis were carried out in E. coli. In E. coli gltA, icd and mdh are scattered around the chromosome and are expressed from different promoters. An artificial operon gltA strep -icd-mdh under control of the natural promoter of gltA (gltAp1) was constructed, ligated to the integrative plasmid pLOI2225 and the artificial transcription unit was integrated into the E. coli chromosome by single-crossover homologous recombination. As a result GltA strep was generated within the cytoplasm of the corresponding strain E. coli pLOI2225˙gltAicdmdh. Cell-free extracts of this strain were prepared and GltA strep was used as a bait to fish for the potential interaction partners Icd and Mdh. GltA strep was isolated using affinity chromatography and analyzed by SDS-PAGE. No interacting proteins were found and neither Icd-nor Mdh-activity could be detected (data not shown). In a further experiment the genes mdh strep , icd strep and gltA strep were overexpressed in different E. coli strains using the high copy expression vector pET24a(+) (Fig. 4A) . A cell-free extract was prepared from the strain overproducing Mdh strep .
Subsequently, Mdh strep was purified by affinity chromatography, and the resulting protein preparation was analyzed with regard to co-purifying Icd and GltA by measuring Icd and GltA activity. The strains overproducing Icd strep and GltA strep were analyzed in the same way. We were not able to detect copurifying Mdh, Icd or GltA using this approach and (in contrast to what was reported by (Barnes and Weitzman 1986) ) suggest that these proteins do not interact in vivo when co-transciption/cotranslation does not occur (data not shown). In a final experiment, GltA strep was overproduced employing an artificial operon gltA strep -icd-mdh ligated to pET24a(+). GltA strep was purified from this strain, and although in this case a small amount of Mdh and Icd activity was found (in contrast to the control), the result of this experiment does not provide sufficient support for our idea that protein complex formation is promoted when proteins are co-translated (Fig. 4B) . A similar experiment was conducted cell-free extracts were subjected to affinity chromatography employing Strep-Tactin R . The eluate fractions were tested for GltA-, Icd-and Mdh-activity. When single genes were overexpressed (gltA, icd or mdh), only small amounts of co-purifying GltA, Mdh or Icd activity was found. When GltA strep was co-overproduced with Mdh and Icd (gltA strep -icd-mdh), stronger activities of the latter two enzymes could be detected (see inset). Similar experiments were carried out with the B. subtilis enzyme CitZ strep . When citZ was co-expressed with icd and mdh (citZ-icd-mdh), stronger activities of the latter two enzymes could be detected (indicating complex formation) when compared to the control strain citZ, where citZ was expressed separately (see inset). All experiments were done in triplicates. The activities were normalized (single overexpressed bait ∧ = 100% activity).
employing B. subtilis citZ strep , which was overexpressed in E. coli from pET24a(+) ligated to the transcription unit citZ strep -icd-mdh.
In a cell-free extract of such an E. coli strain B. subtilis Icd and Mdh co-purified with CitZ strep in larger amounts when compared to the E. coli enzymes (see above) tentatively indicating that the B. subtilis enzymes interact more strongly with each other (even in an E. coli background).
FUNDING
